ABSTRACT
INTRODUCTION
Helicobacter pylori (H. pylori) infection of the stomach causes chronic-active gastritis and peptic/duodenal ulcer disease in humans and in many animal models. TUNEL staining of the mucosa has shown that apoptosis increases significantly during H. pylori infection and is most prevalent in surface epithelial cells (42, 51) were present (36, 53) . In addition, H. felis, a related gastric Helicobacter that does not possess VacA or the Cag PAI but has potent urease activity (33) , induces severe gastritis and injury to gastric epithelial cells in several animal models (12, 30) . These combined results suggest that injury to epithelial cells during H. pylori infection may occur from urease-derived ammonia rather than from VacA or gene products of the Cag PAI. In fact, the severity of gastric injury during H. pylori infection is correlated with the concentration of ammonia in the gastric juice (47) or the urease activity of H. pylori (26). Patients with H. pylori infection show a significant increase in gastric juice ammonia when compared to uninfected control patients (13, 14, 23, 24, 27, 32, 34, 35, 46, 50, 58) .
A number of studies recently showed that ammonia affects the gastric mucosa in vivo and gastric epithelial cells in vitro. Ammonia, at a concentration below that detected in H. pyloriinfected patients, inhibits oxygen consumption (48), cell proliferation (31) and acid secretion (17, 18, 57) . In addition, ammonia kills parietal and chief cells in isolated gastric glands by necrosis and apoptosis, respectively (17). Ammonia, generated by using NH 4 Cl or urea/urease, kills gastric MKN 45 cells alone and in combination with cytokines such as TNF-or IFN-(21). Furthermore, ammonia retards restitution of the injured gastric mucosa (43) , leading to impaired barrier function. Thus, ammonia may significantly impair mucosal homeostasis, resulting in injury and death of gastric epithelial cells during H. pylori infection.
Although gastric surface epithelial cells are exposed to high levels of ammonia during H. pylori infection, it is not established whether these cells are injured by ammonia or if they possess any mechanism(s) to protect against ammonia-induced injury. In the liver, systemic ammonia detoxification occurs in metabolic zones, where periportal and periveneous hepatocytes have unique enzymatic pathways for the production of non-toxic ammonia metabolites such as urea and glutamine, respectively (20, 59). Brain glial cells also produce glutamine from glutamate and ammonia to protect neurons from ammonia-induced cytotoxicity (9, 59 ). Thus, it is possible that gastric epithelial cells have the ability to process ammonia, either by facilitating the production of urea from ammonia or by converting glutamate and ammonia to glutamine.
Either detoxification pathway would be beneficial to protect surface epithelial cells against the cytotoxic effects of ammonia in the gastric lumen, in general, and during H. pylori infection, in particular.
Thus, the purpose of this study was to determine if ammonia affects the survival of gastric surface epithelial cells and if so, to determine whether glutamine protects surface epithelial cells from injury by facilitating ammonia detoxification. To accomplish this, we measured cell viability and the degree of vacuolation in rat gastric epithelial (RGM1) cells that were exposed to NH 4 Cl, producing ammonia and ammonium, with or without L-Gln. Our results indicate that NH 4 Cl significantly reduces the viability of RGM1 cells and that L-Gln and L-Glu both protect RGM1 cells against NH 4 Cl-induced cell death. Our results establish that RGM1 cells metabolize ammonia to urea, that L-Gln protects by decreasing the intracellular accumulation of ammonia and increasing ammonia metabolism and that the conversion of ammonia and L-Glu to L-Gln via glutamine synthetase does not protect RGM1 cells. Since L-Gln completely reverses the cytotoxic effects of ammonia in our study, it is proposed that L-Gln supplementation may be beneficial to reduce mucosal injury during H. pylori infection. 
MATERIALS AND METHODS

Preparation
NH 4 Cl or MeNH 2 causes vacuolation of RGM1 cells that is reduced by L-Gln.
Incubation of RGM1 cells for 6 hr with NH 4 Cl or MeNH 2 resulted in the vacuolation of RGM1 cells in a concentration-dependent manner (Table 1) . Vacuolation increased significantly in the presence of 0.3-30 mM NH 4 Cl, resulting in a maximum increase of 86.4 ± 4.5% when compared to control cells treated with buffer alone (Table 1) .
Likewise, vacuolation increased significantly in the presence of 0.3-10 mM MeNH 2 , resulting in a maximum increase of 181.6 ± 9.1% when compared to control cells treated with buffer alone (Table 1) . In all cases, the percentage of vacuolation induced by NH 4 Cl was significantly less than with an equal concentration of MeNH 2 (Table 1) .
When RGM1 cells were treated with L-Gln in the presence of 30 mM NH 4 Cl for 6
hr, vacuolation was reduced in a concentration-dependent manner ( Time course experiments with 3 mM MeNH 2 showed that vacuolation increased rapidly for the first hour and then increased slowly from 2-6 hr thereafter (Fig. 5A ).
Treatment of RGM1 cells with L-Gln in the presence of MeNH 2 significantly reduced vacuolation (by more than 60%) in RGM1 cells (Fig. 5A ). However, some vacuolation was always present with MeNH 2 and L-Gln, when compared to control cells incubated with buffer alone (Fig. 5A ).
Time course experiments revealed that the formation of vacuoles induced by 30 mM NH 4 Cl was slower than with MeNH 2 , whereby vacuoles increased rapidly for the first 2 hr and then increased slowly for 2-6 hr thereafter (Fig. 5B) . When RGM1 cells were treated with 30 mM NH 4 Cl in the presence of 20 mM L-Gln, the response to L-Gln was significantly different than described in 
Morphological studies show that L-Gln protects RGM1 cells against vacuolation, cell rounding, and detachment in the presence of NH 4 Cl and MeNH 2 . RGM1 cells in
culture formed a confluent monolayer that was unchanged by incubation with STD buffer for 6 hr (Fig. 6A) . By 24 hr after the addition of STD buffer, some cell death occurred as demonstrated by cell rounding and loss of attachment to the culture dish (Fig. 6B) .
Cultures incubated for 6 and 24 hr in STD buffer containing 20 mM L-Gln were nearly identical to cultures incubated in STD buffer alone ( Fig. 6C and D (Fig. 9B) . In contrast, nor-NOHA (at 1 mM) had no effect on viability in the presence of MeNH 2 (Fig. 9C) or on L-Gln-induced protection against MeNH 2 (Fig. 9D ). (Fig. 10A) . In the presence of NH 4 Cl, significant protection occurred with 0.02, 0.2, 2 and 20 mM L-Glu (Fig. 10A) . In fact, 20 mM L-Glu completely (100.3 1.1% of the initial value) protected RGM1 cells that were incubated with 30 mM NH 4 Cl (Fig. 10A ).
RGM1 cells in STD buffer
To determine whether the conversion of L-Glu and NH 3 to L-Gln contributes to protection by L-Glu, we blocked this conversion with MS ( Fig. 10B) , a potent inhibitor of glutamine synthetase activity (52) . (Fig. 10B ). These results demonstrate that RGM1 cells do not convert L-Glu and NH 3 to L-Gln to protect against ammonia-induced cell death.
DISCUSSION
The present study shows that apical exposure of gastric surface epithelial (RGM1) enzyme that is expressed in many tissues including the stomach (16, 38) . When compared to the intestine and liver, arginase activity is extremely low in the stomach and the glandular stomach (as a whole) produces very little urea (19). We also found this to be true in our study, because urea production by RGM1 cells, even in the presence of NH 4 Cl, was below detectable levels using the commercial urea assay kit (Sigma). This finding was not surprising, because the urea kit measures between 1650-3300 M of urea (37), a concentration that can easily be measured in blood, urine and liver, a tissue that produces urea at a rate of 158 mol/min/g of tissue (19). Since the RGM1 cells in our study produced urea at a rate of 1 nmol/min/g of cells, it would take 27.5 hr to generate enough urea to measure using the commercial urea assay kit, which would not be possible in the presence of NH 4 Cl. Thus, it was necessary to use a radioactive procedure, developed by Ruegg and Russel (39) , to measure urea that is produced (by arginase activity) by the conversion of L-[guanido- 14 C] arginine to [ 14 C]urea. Byrne et al (4) showed that arginase activity in the stomach is found predominately in a low-density fraction that contains 84 2% parietal cells. Our study shows that arginase II activity must be present in surface epithelial cells and that arginase II activity may increase in the presence of L-Gln or other amino acids that regulate urea cycle activity. In the liver, there are five urea cycle enzymes that contribute to the synthesis of urea for ammonia detoxification (38) . Since no other urea cycle intermediates have been described in gastric tissues, further studies will be necessary to complete our understanding of the active components of the urea cycle in gastric mucosal cells.
In this study, we show that L-Gln protect RGM1 cells against NH 4 In summary, we demonstrate that L-Gln and L-Glu protect gastric epithelial RGM1 cells against NH 4 Cl-induced cell death. Since L-Gln alimentation is used routinely in human patients (2), it is possible that L-Gln alone or in combination with L-Glu, would be effective as a therapeutic treatment for gastric epithelial damage induced by ammonia during H. pylori infection.
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